Objective To screen differentially expressed lncRNAs involved in OHSS. OHSS is defined as ovarian hyperstimulation syndrome. It is characterized as enlarged ovary and increased vascular permeability. Design Case-control study. Setting University-affiliated hospital. Patient(s) Patients with OHSS high risk (n = 30) and low risk (n = 30) were included in this study. Intervention(s) None. Main outcome measure(s) LncRNAs from women with OHSS high risk and low risk were used for high-throughput sequencing profiling. The eight most differentially expressed lncRNAs in granulosa cells were validated by semi-quantitative reverse transcription-polymerase chain reaction analysis. Result(s) A total of 23,815 lncRNAs were detected and 482 were differentially expressed (fold-change ≥2; p < 0.05, FDR value < 0.001), of which 205 were upregulated and 277 were downregulated. Lnc-SEC16B.1-6, lnc-SNURF-13, lnc-LGR6-6, and lnc-H2AFY2-2 were up-regulated, while lnc-BRD2-2, lnc-HSPA6-2, and lnc-CLIC6-5 were downregulated significantly in granulosa cells. These results were confirmed by qRT-PCR. KEGG pathways and Gene Ontology enrichment analysis revealed that several biological processes were significantly associated. Meanwhile, the lncRNA/miRNA interaction network was established according to ceRNA network model. Conclusion(s) Comprehensive expression screening identified eight novel lncRNAs associated with risk factors of OHSS process. Although it is unclear how these altered lncRNAs regulate the process of OHSS, our findings suggest these lncRNAs may be novel players in OHSS development.
Introduction
Ovarian hyperstimulation syndrome (OHSS) is an iatrogenic and serious complication of controlled ovarian stimulation among reproductive age women in assisted reproductive technology (ART) [1, 2] . The symptoms of OHSS contains series of clinical features including ovarian enlargement, ascites, high vascular permeability, high level of 17 β-estradiol (E2), and thrombotic complications [3, 4] .The severity of OHSS can be classified as mild, moderate, and severe according to the assessment of clinical manifestations, and mild OHSS can occur in up to 32% of IVF cycles [5] . Especially, in in vitro fertilization cycles, the incidence of moderate to severe OHSS can be up to 10% under the effect of exogenous gonadotropin stimulation [6] . Vascular permeability has been considered as the main cause to OHSS and vascular endothelium growth factor (VEGF) should take the responsibility to vascular permeability [7, 8] . As an inflammatory factor, VEGF can induce local capillaries leaky via binding to its receptor VEGF receptor 2 (VEGFR2) in endothelial cell membrane [9, 10] . Despite abundant achievement has been obtained of OHSS, the pathogenesis and regulatory mechanisms of OHSS are still dismal.
The rapid advancement of high-throughput sequencing technology endowed a powerful tool to broaden the understanding of gene expression mechanisms. Over the past decade, noncoding RNAs have been believed to play pivotal roles during gene expression regulation, both in and post transcriptional level [11, 12] . According to the length, non-coding RNAs can be divided into microRNAs (17-23 nt) and long non-coding RNAs (≥ 200 nt). MicroRNAs have been well studied in granulosa cells of endocrine diseases, such as polycystic ovarian syndrome (PCOS) [13, 14] . Increasing evidence has shown that lncRNAs play critical roles in a wide range of biological processes, especially in governing gene expression during cellular development and homeostasis in inflammatory disorders [15, 16] . Recently, some lncRNAs have been identified to be involved in endocrine related diseases. For instance, the abnormal expression of HI-LNC25 is closely associated with type 2 diabetes, by which regulated the expression of the Kruppel-like zinc finger transcription factor (GLIS3) mRNA [17] . Estradiol (E2) can modulate lncRNA expression in E2 receptor (ER) α-positive epithelial ovarian cancer (EOC) cells, and certain lncRNAs have been correlated with advanced cancer progression [18] . Although there are numerous studies to report endocrine-related lncRNAs, the differential lncRNA expression profiles in OHSS and how the dysfunction of lncRNAs regulate the development of OHSS remain unclear.
In this study, to identify the aberrant expression profile of lncRNAs in granulosa cells (GC) and further investigate the roles of lncRNAs in development of OHSS, genome-wide profiling of lncRNAs was applied by using high-throughput sequencing in granulosa cells between OHSS high-and low-risk patients. Moreover, to better understand the potential roles of differentially expressed lncRNAs which may be implicated in OHSS development, we further analyzed and predicted the functions of these dysregulated lncRNAs following the lncRNA-miRNA-mRNA network.
Materials and methods

Patients and sample collection
The samples and clinical data were collected from the Reproductive Center, Department of Obstetrics and Gynecology, Sun Yat-Sen Memorial Hospital (Guangzhou, China) from Sep. 2016 to May. 2017. All the patients recruited into this research suffered from infertility and received ART/IVF. All the patients satisfied the following criteria: 20-35 years old; GnRH agonist long protocol or GnRH antagonist protocol; and no coexisting inflammatory disease. And for the OHSS high-risk patients, additionally the inclusion criteria were as follows: serum AMH > 5 ng/ mL; serum E2 > 3500 pg/ml on HCG day and No. of oocytes >20. The controls (OHSS low-risk patients) were confirmed to be fallopian tubal diseases through laparoscopy and hysteroscopy, or male factor infertility; and non-PCOS; serum E2<3500 pg/ml and No. of oocytes <20. Women suffering from malignancy, benign ovarian cyst including endometrioma, allergic diseases; pelvic inflammation, known chronic, systemic, metabolic, or endocrine disease excluding polycystic ovarian syndrome, were excluded from this study. A total of 30 GC samples from OHSS high-risk patients and 30 control samples from patients with OHSS low risk were recruited in this study. The first step, three patients who had actually developed moderate OHSS from OHSS high-risk patients and three patients who did not develop OHSS from OHSS low-risk patients were prepared for sequencing. All patients provided informed consent, and the study was approved by the ethics committee of Sun Yat-Sen University. The sample collection and treatment were carried out in accordance with the approved guidelines.
Granulosa cells were obtained from women undergoing oocyte retrieval for in vitro fertilization treatment. Briefly, follicular fluid was collected from all of the follicles and then was centrifuged at 350 g for 5 min. The cells were resuspended and then added to 10 mL Ficoll (Sigma-Aldrich, St. Louis, MO). After centrifugation at 450 g for 15 min, the interphase cells were collected.
RNA isolation and quality measurement
Total RNA was isolated from tissue samples with TRizol (Invitrogen) according to the manufacturer's instructions. The quality of RNA was measured with a NanoDrop (Thermo Fisher, USA), and the concentration of RNA was evaluated with Qubit 2.0 Fluorometer (Agilent Technologies). Samples with RNA Integrity Number greater than 4 as assessed by a BioAnalyzer (Agilent) with no visible sign of genomic DNA contamination from the HS Nanochip tracings were used for total RNA library generation. The total RNA from tissue samples was used only if the ratio of the absorbance at 260 and 280 nm (A260/A280) was between 1.8 and 2.2. All RNA samples were stored at 80°C until further use.
Preparation of strand-specific RNA-Seq libraries and RNA-Seq
Three patients who had actually developed moderate OHSS from OHSS high risk and three patients who did not develop OHSS from OHSS low-risk patients were recruited for sequencing. After extracting the total RNA from three samples respectively, equation RNA of every three samples were pooled for library construction. mRNA and non-coding RNAs are enriched by removing rRNA from the total RNA with kit. By using the fragmentation buffer, the mRNAs and non-coding RNAs are fragmented into short fragments (about 200~500 nt), then the first-strand cDNA is synthesized by random hexamer-primer using the fragments as templates, and dTTP is substituted by dUTP during the synthesis of the second strand. Short fragments are purified and resolved with EB buffer for end reparation and single nucleotide A (adenine) addition. After that, the short fragments are connected with adapters, then the second strand is degraded using UNG (Uracil-N-Glycosylase) finally. After agarose gel electrophoresis, the suitable fragments are selected for the PCR amplification as templates. During the QC steps, Agilent 2100 Bioanaylzer and ABI StepOnePlus Real-Time PCR System are used in quantification and qualification of the sample library. At last, the library sequenced using Illumina HiSeq™ X 10 sequencer.
Mapping reads to reference genome rRNA removed reads are mapped to reference genome using an improved version of TopHat2 [19] , which can align reads across splice junction without relying on gene annotation. TopHat uses Bowtie as an alignment 'engine' and breaks up reads that Bowtie cannot align on its own into smaller pieces called segments [20] . TopHat infers that the read spans a splice junction and estimates where junction's splice sites are. By processing each Binitially unmappable^read, TopHat can build up an index of splice sites in the transcriptome on the fly without a priori gene or splice site annotation. RNA-Seq read alignments can not only reveal new alternative splicing junction and isoforms, but also can be used to accurately quantify gene and transcript expression, because the number of reads produced by a transcript is proportional to its abundance.
Transcripts assembling and bioinformatic analysis
Reads mapped to genome will be assembled by Cufflinks [21] ; we perform Reference Annotation Based Transcripts (RABT) assembly with the reference gene annotation to compensate incompletely assembled transcripts caused be read coverage gaps in the regions of reference gene. Faux-reads were generated from reference transcripts in order to capture features in the reference that could be missing in the sequencing data due to low coverage; these reads were merged with the (aligned) sequenced reads for assembly. The set of indicate more than 2.0-fold changes between two groups. b Volcano plots are using for visualizing differential expression between two different conditions. The vertical lines correspond to 2.0-fold (log 2 scaled) up and down, respectively, and the horizontal line represents a p value of 0.05 (−log 10 scaled). The red points in plot represent the differentially expressed lncRNAs with statistical significance. c The distribution of differentially expressed lncRNAs in human chromosomes transfrags generated in the last step was then compared with the reference transcripts to remove transfrags that were approximately equivalent to the whole or a portion of a reference transcript.
Cuffdiff is a program that uses the Cufflinks transcript quantification engine to calculate gene and transcript expression levels in more than one condition and test them for significant differences on the basis of FPKM value. It looks for differentially expressed genes by estimating how many fragments came from each isoform and then converting the counts into isoform expression levels. To find differentially expressed genes, Cuffdiff calculates expression levels in each condition for each gene by adding up the expression levels for each gene's splice isoforms. Cuffdiff tests for differences in each gene's expression level across conditions. It is able to estimate p values for differential expression of individual transcripts. Like other tools, it uses a negative binomial model estimated from data to obtain variance estimates from which p values are computed.
Semi-quantitative RT-PCR
To confirm the RNA-seq results by an independent technique, qPCR was used to measure expression of selected genes.
Quantitative real-time PCR was performed by using an ABI PRISM 7700 DNA Sequence Detection System (Applied Biosystems) and a SYBR Green PCR kit (Applied Biosystems). Total RNA was extracted and reverse transcribed to cDNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). The comparative threshold cycle method was used to calculate the relative gene expression, and GAPDH was used as a control.
Statistical analysis
LncRNA with an adjusted p value < 0.05 were assigned as differentially expressed. Pheatmap R package was then used for unsupervised cluster of differentially expressed genes and experimental conditions. KOBAS [22] software was used to test the statistical enrichment of genes which differentially expressed in KEGG pathways and Gene Ontology (GO) database (http://www.geneontology.org) which include molecular function, cellular component, and biological process information. p values were adjusted using the Benjamini and Hochberg's approach, statistically significant were assigned as adjusted p value < 0.05. LncRNAs and mRNA UTR′3 sequences were used to find the sRNA binding site by miRanda (http://www.microrna.org/) [23] . Cytoscape (http://www.cytoscape.org/) [24] was applied to build the lncRNA-sRNA-mRNA interaction network.
The Wilcoxon signed-rank test was performed to analyze significant differences regarding the expression level of lncRNAs and miRNAs between samples. Pearson's coefficient was applied to compare the microarray data and qPCR results. Student's t test (two-tailed) was performed for other data analysis. p < 0.05 was considered to be significant.
Results
Identification of differentially expressed lncRNAs in granulosa cells between OHSS high-risk and low-risk patients
To find and identify lncRNAs which were differentially expressed in granulosa cells between OHSS high-risk and low-risk of patients, the lncRNA sequencing was performed and the RNA-Seq data was annotated using GENCODE (v19) as a reference. In our study, through RNA-sequencing in granulosa cells from OHSS high-risk patient, a total of 23,815 lncRNA genes were found (12,547 upregulated and 11,268 downregulated) and 482 lncRNA genes were found significantly differentially expressed, including 205 lncRNA genes were upregulated, whereas 277 were downregulated, compared to the granulosa cells of OHSS low-risk patient (fold-change ≥ 2, p value < 0.05, FDR value < 0.001). Differentially expressed lncRNAs were displayed through fold-change filtering (Fig. 1a) . And the volcano plot filtering identified differentially changed lncRNAs with statistical significance between two groups (Fig. 1b) .The frequency distribution of lncRNAs number and expression profiles between two groups were shown in Fig. 1c (Fig. 2a) . Of those, the top 30 up-and downregulated lncRNAs are listed in Table 1 by fold change (Fig. 2b , Table 1 ). The distribution of lncRNAs number and length profiles between two groups were shown in Fig. 2c . 
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Validation of differentially expressed lncRNAs in granulosa cells between OHSS high-risk and low-risk patients
To validate the differentially expression profiles, semiquantitative RT-PCR were performed to confirm the expression changes of eight lncRNAs, including four upregulated and four downregulated in granulosa cells from OHSS patients with high risk (n = 30) and low risk (n = 30). The results showed that these lncRNAs were significantly differentially expressed. The quantitative RT-PCR results confirmed the RNA-Seq results that lnc-SEC16B.1-6, lnc-SNURF-13, lnc-LGR6-6, and lnc-H2AFY2-2 were observed to be upregulated, while lnc-BRD2-2, lnc-HSPA6-2, and lnc-CLIC6-5 were found to be downregulated significantly in granulosa cells from OHSS high-risk patients in comparison with that in granulosa cells from OHSS low-risk patients, no statistical significance was found in lnc-CCL4L1-1 expression between two groups (Fig. 3) .
Construction of the lncRNA-miRNA-mRNA association network
It has been reported that lncRNAs can regulate many biological processes by involved in multiple signal pathway, sponging of specific miRNAs as competing endogenous RNAs (ceRNA) and controlling downstream signaling molecular expression and activation is one of the pivotal functions [25, 26] . To determine the function and molecular mechanism of lncRNAs, the lncRNA-miRNA-mRNA interaction network was predicted based on the binding relationship between lncRNAs and their target miRNAs, which were predicted by conserved seed-matching sequence using the software for miRNA target prediction according to miRanda database. Based on the validation result above, the 8 lncRNAs were predicted according to the complementary miRNA matching sequence and a total of 1,361 miRNAs was predicted. The number of miRNA which has binding sites to lncRNAs was varied largely among the 8 lncRNAs, such as 393 miRNAs were successfully predicted to bind to lnc-HSPA6-2:9 and 45 miRNAs have at least 2 binding sites to the lnc-HSPA6-2:9; meanwhile, only 87 miRNAs can bind to lnc-SEC16B.1-6:1 and almost all of the miRNA has only one binding site to the lncRNA (Supplement Table 1 ).We next constructed an lncRNA-miRNA-mRNA network using 482 lncRNAs and 351 miRNAs together with their 1459 target genes. The data displayed the interaction network of each lncRNA, its potential complementary binding miRNAs, and their target genes, as shown in Fig. 4a , b. We finally explored the biological process (including cellular component, molecular function, and biological process) of deregulated lncRNAs using GO analysis and gene-enriched KEGG pathways analysis. Using GO analysis, several important pathological processes may be involved in the dysregulation of lncRNAs, including the TNF-α signaling, cell cycle, apoptosis, TGF-β signaling, cytokine-cytokine receptor interaction, and inflammatory pathway, which are closely related to the development of OHSS (Fig. 5a ) [27] [28] [29] .The similar result was also obtained by KEGG pathways analysis. As Fig. 5b shown, the differential expression of lncRNAs was closely associated with cell adhesion, chemokine signaling, cytokine-cytokine receptor, and phagosome pathway, which were suggested to be involved in ovarian dysfunction. These results showed that the dysregulation of lncRNAs might contribute to the development of OHSS. Further studies are necessary to confirm the binding relation, function, and molecular mechanisms of lncRNAs-miRNAs axis in OHSS pathogenesis.
Discussion
OHSS has become the most common and potentially most dangerous complication of assisted reproductive technology which is caused by the development of multiple ovarian follicles [30] .Thus, enlarged ovary volume, increased capillary permeability, fluid, and protein extravasation into the body of the third space are significant. It is well known that abnormal ovarian secretion of VEGF is the key of OHSS and accurate prediction of OHSS is strongly needed.
Benefit from the advances in sequencing technologies, the genome-wide profiling has extensively revealed that almost 98% of the transcriptional outputs are ncRNAs, which may play important roles in a variety of biological processes. The physiological functions of many ncRNAs are still being explored. Meanwhile, miRNAs are well studied in regulating of transcription, epigenetics modulation, and RNA-protein interaction [31] .To our knowledge, several pathophysiologic mechanisms may be involved in ovarian dysfunction disease, including inflammation, oxidative stress, apoptosis, and autophagy, which were modulated by abnormal expression of ncRNAs [32] . Indeed, some miRNAs have been regarded as the potential diagnosis and therapeutic markers for ovarian diseases [33] . However, studies on the identification and functional characterization of lncRNAs in ovarian diseases, especially in OHSS, are still limited.
In this study, we first carried out genome-wide lncRNA expression profiles in the GCs of women with OHSS high and low risk by high-throughput sequencing. We found that 482 lncRNAs were significantly differentially expressed in GCs between two groups. The eight lncRNAs with the most differentially expressed genes were further validated by semiquantitative PCR in 30 paired GC samples, and the analysis confirmed the sequencing findings. GO analysis and KEGG pathway analysis also implied that the differential expression of lncRNAs were correlated with serial of signal pathways, including cell cycle, apoptosis, autophagy, and inflammatory signaling pathway (TNF-α, TGF-β, cytokine-cytokine receptor interaction, adipocytokine signaling pathway), which were suggested to contribute to the pathogenesis of OHSS. Recently, lncRNAs are recognized to modulate downstream signaling pathway by functioning as the competing endogenous RNAs (ceRNA) to which can bind to the special cluster of miRNAs as sponges. Moreover, this regulatory model has been validated in tumorigenesis and other disease. In this study, we successfully predicted more than 100 lncRNA/ miRNA interactions based on conserved seed sequence matches. And the lncRNA/miRNA interaction network was constructed using the bioinformatics tools, which may shed a light to unveil the information for ceRNA research of lncRNAs. Therefore, the interaction of lncRNAs/miRNAs needs to be further verified by more basic work.
As far as we know, this is the first study to report the expression profiles of lncRNAs in OHSS development. However, the deficiency of this study is obvious. We only have sequencing evidence to predict and analyze the roles and functions of altered lncRNAs in OHSS pathophysiology. More experiments not only in cell line, but also in animal model, are still needed to deeply reveal the underlying regulatory mechanisms of lncRNAs, which may help us to understand its functional significance in modulating OHSS.
In conclusion, our study for the first time revealed the lncRNAs expression profiles in OHSS development and the dysregulation of lncRNAs might associate with OHSS pathophysiology. With the construction of a ceRNA crosstalk network via bioinformatic analysis, we constructed a perspective to screen lncRNAs that could be involved in OHSS development. Our study also presented several possible candidate lncRNAs in GC for future diagnostic, therapeutic and functional research associated with OHSS. These candidate lncRNAs were correlated with several biological processes, suggesting that they may play important roles in the development and progression of OHSS. Our findings highlighted the possibility that lncRNAs could serve as a predictive marker for OHSS diagnosis and therapy. The limitation of this study is that the sample size of sequenced patients and validation cohort should be enlarged. More samples from patients should be recruited to verify the result in the further study.
